The soil temperature is an important microclimatic factor due to the interactions between soil and plant, and the energy exchange with the atmosphere. The soil energy exchange is affected by the incident solar radiation, type of coverage and mainly by the soil thermal properties. Among the soil thermal properties, the soil thermal diffusivity is highlighted because it affects the soil temperature profile and soil heat flux transport and distribution. Thus, the aim of this study was to evaluate different estimates of soil thermal diffusivity of a Gleyic Solonetz soil in the Brazilian Pantanal. The soil thermal diffusivity was determined by the amplitude, logarithmic, arctangent and the phase methods between 0.01 and 0.03 m, 0.01 and 0.07 m and 0.01 and 0.15 m depth. The soil thermal diffusivity estimated by the four methods showed significant differences and varied over the study period as a function of volumetric soil water content. The soil thermal diffusivity estimated by logarithmic methodshowed better performance at different depths, followed by the method of phase.
Introduction
Brazilian Pantanal is one of the largest floodplains of the Earth with 138,183 km 2 , and 35% of its area is in Mato Grosso state. Paraguay River crosses the Pantanal from North to South and becomes larger and formsa complex river system [1] . The climate is characterized by periods of floods and droughts that alternate throughout the year, allowing the formation of monodominants stands. At the other extreme, frequent drought cause local water stress in plants which regulates its phenology and mass production [2] .
The soil temperature is a factor which controls microclimatic seed germination, rate and duration of plant growth and development, nutrient uptake, water and gas distribution in soil as well as the growth and development of microorganisms [3] . Considering each soil type has unique characteristics, it is necessary to identify, for each particular situation, their thermal properties, which are the result of a number of factors, including its texture and chemical composition. Regular observations of soil temperature at different depths allow the knowledge of their thermal profile variation and important soil properties such as soil thermal conductivity and soil thermal diffusivity [4] . These soil thermal properties, especially the soil thermal diffusivity, are used in studies of soil temperature simulation at different depths [5] .
Soil thermal diffusivity is an important parameter that affects soil temperature distribution and soil heat flux density [6] . Furthermore, it is a property that informs the soil heating speed that relate with soil thermal conductivity and soil thermal capacity [7] .
The estimation of soil thermal diffusivity can be determined by various methods, such as amplitude, phase, arctangent, logarithmic, numeric and harmonic, which utilize soil profile temperature measurements [8] . These methods are based on the soil heat transfer theory, using analytical or numerical solutions of the heat conduction equation described as uniform and homogeneous soil [5] .
Therefore, the objective of this study was to evaluate different estimates of soil thermal diffusivity of a Gleyic Solonetz soil in a mono dominant forest in the Brazilian Pantanal.
Materials and Methods

Characterization of the Study Area
The experiment was conducted in an experimental area of Reserva Particular do Patrimônio Natural-RPPN SESC Pantanal (16˚39'50''S; 56˚47'50''W; 120 m of altitude) in the Barão de Melgaço, Mato Grosso, Brazil between October 2008 to February 2009, during the period when there was no flooding, which occurred in March 2009. This area is composed mainly of Vochysiadivergens Pohl, known locally as cambarazal, with 28 -30 m canopy heights, forming a continuous band of approximately 25 km long and 4 km wide, parallel to the Cuiabáriver. The annual average temperature is between 24.9˚C to 25.4˚C, annual rainfall is on average 1400 mm with a pronounced dry season extending from May through September [9] . The topography of the floodplain is virtually flat, causing extensive flooding during the wet season. Wet-season floods are 1 to 2 m in depth, but during the dry season many of the floodplain lakes become disconnected from the river channel as the floodwater recedes [10] . The soil type of the study site is classified as a Gleyic Solonetz soil [11] .
Instrumentation
Precipitation data were obtained daily by personnel of RPPN SESC-Pantanal from a manual rainfall gauge located 10 km NW of experimental area. Soil temperature was measured at 1, 3, 7, 15 and 30 cm depth, using five thermistors (108-L, Campbell Scientific, Inc., Logan, Utah, USA). These depths were chosen due the higher soil temperature amplitude from surface to 7 cm depth and practically null at 30 cm depth. Volumetric soil water content was measured with two time domain reflectometer (CS-615, Campbell Scientific, Inc., Logan, Utah, USA) at 5 and 25 cm depth. The sensors which produced signals that were stored by a datalogger (model CR10-X; Campbell Scientific, Logan, UT).
Estimation of Soil Thermal Diffusivity
The one-dimensional heat conduction in soil is given by Equation (1) .
where T is the soil temperature, t is the time and z is the depth. Due to the partitioning of a not uniform soil in soil layers with uniform composition and texture, the Equation (1) can be rewritten to Equation (2).
where K j = (k/C) j is the apparent soil thermal diffusivity of j layer, delineated by z j − 1 and z j + 1 , with j = 1, 2,···, m the number of layers, not necessarily same thicknesses. The apparent soil thermal diffusivity can be obtained by the soil temperature measurements replaced in expression of analytical solutions of Equation (2) . Several methods have been used to solving this Equation [12] . In this study the soil thermal diffusivity was estimated between 0.01 and 0.03 m, 0.01 and 0.07 m and 0.01 and 0.15 m depth by the amplitude, logarithmic, phase and arctangent methods.
Amplitude Method
The daily soil thermal diffusivity K estimated by amplitude method [12] is shown in Equation (3).
where  is the angular velocity of the Earth and A 1 and A 2 are the temperature amplitudes in the Z 1 and Z 2 depths, respectively.
Phase Method
The daily estimation of soil thermal diffusivity by the phase method was obtained by the Equation (4).
where Z 1 and Z 2 are the soil depths and Δt = t 2 − t 1 , where Δt is the time interval between t 1 and t 2 , which are the instant when the temperature is maximum in Z 1 and Z 2 .
Arctangent Method
The soil temperature at the surface can be described by a sines series. The values of soil temperature measured at a specific depth can be adjusted to Fourier series [13] , given by Equation (5).
where T is the average temperature in considered time interval, M is the number of harmonics, A n and B n are their amplitudes, n is the number of observations,  is the angular frequency and t is the time. If the first two harmonics are sufficient to describe one boundary condition above the level Z = Z 1 (Z 1 = 0, the surface level), K can be calculated using Equation (6) of the arctangent method. 2  1  2   1  3  2  4  2  4  1  3   1  3  1  3  2  4  2  4 2 arctan
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Logarithmic Method
Using the same methodology of arctangent method, Seemann [15] demonstrated that K can also be calculated by Equation (7).
The arctangent and logarithmic methods are analogous to the Amplitude method, but require a greater number of observations to approximate the behavior essentially non-sinusoidal [4] .
Statistical Analysis
The soil thermal diffusivity values using the arctangent, logarithmic and phase methods were compared with the values obtained by the amplitude method. To evaluate these methods, we considered the mean absolute error (MAE; Equation (8)) and root mean squared error (RMSE; Equation (9)).The MAE indicates the distance (deviation) of the mean absolute values estimated from the measured values. Ideally, the MAE and RMSE values were near to zero [16] .
The RMSE indicates how the model fails to estimate the measurements variability around the mean and measures the change in the estimated values around the measured values [16] . The lower limit of RMSE is 0, which means that there is full compliance between the model estimates and measurements.
where P i is the estimated value, O i is the observed value and O is the average of the observed values.The multivariate analysis of variance test-MANOVA was used to determine possible differences between the methods for estimating the soil thermal diffusivity. The soil temperature amplitude decreased from October to February (Figure 4) , reflecting the increase of water content in soil, caused by increased rainfall over the period (Figure 3) . The soil temperature amplitude reduction during the summer, during this work, is due the higher VSWC (Figure 3 ) that changes the magnitude of energy balance components, and modify the properties of soil heat conduction [17, 18] . The water fills the soil pores, which contribute to increase heat flux and decrease soil temperature amplitude [19] .
Results and Discussion
The lowest temperature of wet soil than dry soil is due to the higher specific heat of moist soil. The soil volumetric heat capacity of wet soil is higher than dry soil. Thus, dry soil turn heats and cools faster than wet soil which turn heats and cools slowly, requiring greater heat supply, since its specific heat is greater. Furthermore, there is a significant litter layer over the soil of experimental area that associated to the natural vegetation protects the soil. Therefore, there is a considerable coverage over the soil of experimental area, which keeps the water content in soil greater than a bare soil [20] . In covered soil is assumed that there is higher VSWC and it alters the soil specific heat and soil thermal conductivity. Thus, the soil heat capacity increases with VSWC increases due to the high water specific heat (4.18 MJm
Variation of Soil Thermal Diffusivity
The highest average of soil thermal diffusivity estimated by the amplitude method was 1.95 × 10 (Figure 5(a) ).The soil thermal diffusivity estimated by amplitude method is used as reference among all used models [5, 20] . The soil thermal diffusivity values calculated in this study agreeto estimates by Oliveira et al. [21] in Campina Grande (1. )and Rao et al. [4] in Salvador (4.7 − 7.5 10 × 10 −7 m 2 ·s
−1
). The soil thermal diffusivity estimated by the amplitude method between 0.01 and 0.15 m depth was higher than soil thermal diffusivity between 0.01 and 0.03 and between 0.01 and 0.07 (Figure 5(a) ). There was a tendency of increasing of the soil thermal diffusivity estimated by amplitude method as function of increasing of depth. Furthermore, the VSWC seems to be the main factor to regulate the soil thermal diffusivity because the average of VSWC during the studied period was 0. ) when the rainfall was lowest.
The VSWC is an important factor to regulate the thermal process in the soil. The soil thermal diffusivity can be higher or lower as function of VSWC [18, 23] . The increasing of VSWC becomes the soil thermal conductivity higher, because the water that replaces the air in the soil pores has higher thermal conductivity [24] . There were differences in the structure of each layer of soil studied (Figure 6 ), which influence in water retention, for example, the clay retains more water than the sand interfering in soil thermal diffusivity variation [20] . There is a maximum value to soil thermal diffusivity at a determined VSWC, while the volumetric heat capacity continues to increase with increasing VSWC [25] .
Evaluation of methods for determining the apparent thermal diffusivity of soil have been made to different locations and specific depths [4, 12, 22, 26, 27] . However, they were restricted to describe the soil thermal diffusivity values estimated by the methods studied in this work. The normality of the soil thermal diffusivity was checked and was applied MANOVA statistical test to evaluate if there were differences between the estimates of soil thermal diffusivity at each depth at 5% probability. The soil thermal diffusivities estimated by the methods of amplitude, phase, and the logarithm of the arctangent differed (p < 0.05) and varied over time ( Figure 5) .
Using the soil thermal diffusivity estimated by amplitude method as reference was computed mean absolute error-MAE and the root mean squared error-RMSE between phase methods, arctangent and logarithmic. Among the three methods the phase method showed lower EMA between 0.01 and 0.03 m depth and the logarithmic method showed lower RMSE between 0.01 to 0.15 m depth. The phase method showed higher correlation (r = 0.81) between 0.01 and 0.03 m depth, followed by logarithmic method (r = 0.62) between 0.01 and 0.07 m depth and (r = 0.61) between 0.15 to 0.01 m depth, while the arctangent method showed no significant correlation ( Table 1 ).
Conclusions
The soil thermal diffusivity estimated by the four methods showed significant differences (p < 0.05) and varied over the study period as a function of water content in the soil.
Even the methods to estimate soil thermal diffusivity are significant different the methods of phase, logarithmmic and arctangent were significantly correlated to the amplitude method.
The method of estimation of the soil thermal diffusivity that showed better performance at different depths was the logarithmic method, followed by the phase method with the highest correlation to lowest depth.
The estimation of soil thermal diffusivity by phase method showed lower mean absolute error to less depth, while the logarithmic method showed lower mean squared error to greater depth.
